Immature mosquitoes alter their foraging behavior in response to variation in nutrients, predators, and temperature, with consequences on the adult stage where pathogens are transmitted. These patterns of behavior have not been described with respect to both developmental stage and environmental variation, nor has behavior been examined within an individual across instars. We hypothesized that individual larvae have distinct behavioral syndromes, and predict that the rank of foraging activity in the third instar will be correlated with foraging activity in the fourth instar for an individual across all conditions. We also hypothesized that individuals that fail to achieve adulthood forage more intensely than those that will emerge due to the need for greater resources. To examine these hypotheses, we conducted an experiment in which we exposed 96 individual Aedes aegypti L. (Diptera: Culicidae) larvae to four combinations of temperature and nutrients. We recorded larvae in the third and fourth instar, and generated time budgets of active and passive foraging behaviors. We found correlations between individual behavior in the third and fourth instar when conditions were the most stressful (cool temperatures and low nutrients). Controlling for this intra-individual behavior, there was variation between instar behaviors, but this was dependent on both temperature and nutrients. We also found that larvae that failed to pupate within 28 d before emergence foraged more intensely than those that emerged. While we found no evidence that mosquitoes have distinct behavioral syndromes in Ae. aegypti, we did find support that nutrients and temperature affect behavior differently at different instars.
Growth and development of larval mosquitoes has important implications for the transmission of disease. Both abiotic and biotic components of the larval environment affect the speed of development, the size of adults, and the probability of survival to adulthood (Merritt et al. 1992 , Brady et al. 2013 ). Furthermore, these larval factors help determine adult characteristics, including fecundity, longevity, and vector competence (Alto et al. 2008a , Alto et al. 2008b , Adelman et al. 2013 , Brady et al. 2013 , Westbrook et al. 2010 , Moller-Jacobs et al. 2014 , Buckner et al. 2016 . Larval foraging behavior can also be important in the efficacy of certain larvicides, like Bacillus thuringienesis (Aly et al. 1988 , Becker et al. 1992 .
Container Aedes mosquitoes are responsible for the transmission of numerous human viral pathogens, including dengue, Zika, and chikungunya viruses (Gubler and Kuno 1997) . These mosquitoes develop in small bodies of water, subject to pronounced variation in nutrients and temperature (Brady et al. 2013 ). The quality of the nutrient base is influenced by inputs, such as animal and plant derived detritus, and more nutrients per larva result in faster growth and larger size as adults (Carpenter 1983 , Yee et al. 2007 , Juliano 2009 , Reiskind et al. 2012 . Abiotic factors are also critical in determining growth for mosquitoes. While minerals, pollutants, or other micronutrients may have a minor influence on mosquito larval growth (Paradise 2000 , Yee et al. 2014 ), temperature has a profound effect on larval development (Briegel 1990 , Precht et al. 1973 , Ragland and Kingsolver 2007 , Kingsolver 2009 ). Even though growth at cooler temperatures results in large adults with high fecundity, temperature preference studies with the container species Aedes aegypti L. (Diptera: Culicidae) show a preference toward higher temperatures, which indicates a possible cost to being reared at cooler temperatures (Omardeen 1957) . A cost due to cool temperatures has also been suggested by studies of adult allometry between weight and wing length which showed a much higher wing length to weight ratio at cool temperatures (long wings and light weights) (Reiskind and Zarrabi 2012a) . Likewise, studies of larval resistance to starvation have shown larva reared at cool temperatures starve faster than larvae reared at warmer temperatures (Padmanabha et al. 2011b) . Although untested, the slow development associated with cooler temperatures may also represent a substantial increase in the risk of the larval habitat drying out before pupation, which would result in the death of all larvae. Oviposition behavior studies have suggested that a major element in choice of habitats by Aedes albopictus (Skuse) (Diptera: Culicidae) is consistent with avoiding habitats likely to become dry (Bartlett-Healy et al. 2011, Reiskind and Zarrabi 2012b) .
Examination of larval foraging behavior can provide insight into the ecological mechanisms associated with growth at different instars due to nutrient availability and temperature. Increased foraging rate at low nutrient levels is consistent with behavior in a wide variety of ectotherm taxa, including mosquitoes (Juliano et al. 1993 , Anholt et al. 2000 , Wormington and Juliano 2014 . Temperature effects on foraging behavior are less clear. In a previous study, we demonstrated that the individual behavior of a larva reared in a cohort showed most active foraging at low nutrients and at both the coolest and warmest temperatures (Reiskind and Janairo 2015) . Increased foraging rate at low temperatures was a novel observation for mosquitoes and was consistent with previous empirical and theoretical studies (Padmanabha et al. 2011b , Padmanabha et al. 2012 , Reiskind and Zarrabi 2012a . What remains unknown was how the behavior of different larval instars is affected by variation in temperature and nutrient conditions, how individual behavior varies, and how these behaviors reflect the ultimate fate of the developing mosquito.
In this study, we tested the hypothesis that different larval instars show similar behaviors in response to various nutrients and temperature. In general, we predict that larvae of both the third and fourth instar will forage more intensely at cool temperatures than at moderate temperatures and at low nutrients relative to higher nutrients. As we repeatedly measured each larva individually, we are also able to determine whether the sexes differ in behavior, and whether individual larvae have distinct behavioral personalities across the developmental stages. We predict that male mosquitoes, requiring fewer nutrients, will not forage as intensely as females in all conditions tested Wilson 2008, Wormington and Juliano 2014) . We also predict that variation in foraging behavior within a larva at the third and fourth instar will be less than variation between larvae, such that the most active foragers at the third instar are also the most active foragers at the fourth instar regardless of nutrient or temperature conditions, demonstrating the potential existence of a behavioral syndrome (Sih 2004 , Sih et al. 2014 ). On the other hand, if there is not consistency in the relative activity of individuals across instar and conditions, we can reject the hypothesis that Ae. aegypti have distinct, individual behavioral syndromes under these conditions. The developmental stage of the organism can have important influences on behavior and may provide insight into individual behavior syndromes through analysis of the repeatability of behaviors or ranking of individuals in a cohort across development, a commonly taken approach to assessing arthropod 'personality' (Werner and Gilliam 1984 , Bell et al. 2009 , Berger et al. 2011 , Niemela et al. 2012 , Wexler et al. 2016 ).
Materials and Methods

Mosquitoes
We used F 3 Ae. aegypti originally collected in Palm Beach County during the summer of 2013. Colonies were maintained on a larval diet of senesced oak leaf (Quercus phellos (L.) 4 g/liter) and yeast:albumin (1:1 ratio, 0.3 g/liter) infused in tap water. Blood to generate eggs was provided from a human volunteer (MHR Permission from NCSU Biosafety Committee: SOP MHR 001 22 January 2016).
Study Design
We performed a 2 × 2 factorial study with two nutrient levels (hereafter high and low) and two fluctuating temperature regimes (hereafter cool and warm). We used our previous experiments to determine high and low nutrient levels and temperatures (Reiskind and Janairo 2015) . We placed neonate mosquitoes individually in each well of a 6-well tissue culture plate (Fisher Scientific) with 10 ml of infusion at two concentrations within 24 h of hatching. We generated nutrients by putting 16 g of dried willow oak (Quercus salix Fab.) leaves plus 2.4 g of 1:1 yeast:albumin (Fisher Scientific), and allowing this mixture to infuse for 2 d. The low-nutrient treatment diluted the full-strength solution at a rate of 3.75 ml infusion into a final volume of 10 ml. The high-nutrient treatment diluted the full-strength solution at a rate of 6.67 ml into a final volume of 10 ml. Each plate was placed into one of two incubators (Percival 44-L, Percival Corp., Perry, IA), both with a 14:10 (L:D) h cycle. The cool incubator had a nighttime low of 18°C and a daytime high of 22°C (mean 21.0°C ± 0.2 SEM), while the warm incubator fluctuated between 26 and 30°C (mean 28.5°C, ±0.22 SEM). For each temperature × nutrient combination, there were 24 replicate wells.
Outcomes Measured
We assessed behavior at the third and fourth instar for each individual. One individual from the cool temperature, high-nutrient treatment failed to become a third instar, and one individual from the warm temperature, high-nutrient treatment failed to become a fourth instar, and these were removed from the analysis. Behavior was recorded using a CMOS digital camera (Mightex, Inc., Model BCE-B050-U, Pleasanton, CA), positioned for a top-down view within each incubator between 10:00 a.m. and 4:00 p.m. Previous experiments demonstrated that a top-down view was sufficient to capture pertinent foraging behaviors (Reiskind and Janairo 2015) . We used a modified ethogram, developed from Walker and Merritt's ethogram for Aedes trisieratus (Say) (Diptera: Culicidae), which we used previously for Ae. aegypti behavior Merritt 1991, Reiskind and Janairo 2015) . We categorized behavior into several categories: vacuuming along a surface (side-wall or bottom), diving, wriggling, foraging at the epilimnion (surface), and hanging from the surface. We recorded 15 min of behavior, and generated behavioral time budgets for the middle 7′30″ to avoid effects of disturbance due to set-up. We followed individual behavior at ½ real-time speed using JWatcher (Blumstein and Daniel 2007) . Each individual was recorded at the third and fourth instar. Because each observation period was for the same amount of time, it represents both actual time spent in a behavior and the proportion of time in that behavior. Based upon previous work, we a priori considered vacuuming, diving, and wriggling to be components of active foraging, and hanging from the surface or foraging on the epilimnion passive foraging (Walker and Merritt 1991 , Yee et al. 2004a , Yee et al. 2004b , Reiskind and Janairo 2015 . To minimize bias, the observer was blind to the experimental hypotheses and the differences between the comparison groups. Inter-observer reliability was high according to Kendall's coefficient of concordance (W = 0.99). In addition to behavior, we also recorded whether the individual survived to adulthood, their sex, and their weight (mg, dry weight, killed 24-48 h and dried for at least 24 h at 48°C after emergence) and wing lengths (mm, from alula to wingtip, excluding fringe).
Statistical Analysis
For simplicity, we divided behavior into active and passive components, and analyzed the time spent in active behavior within the 7′30″ observation period. Active foraging, wing length, and weight were normally distributed. Wing length and weight were analyzed using an analysis of variance with temperature and nutrient level as main effects for males. Because there were no females that survived to adulthood for the low nutrients, cool temperature treatment, we made each remaining treatment combination a unique group, and ran a one-way ANOVA. Differences in probability of survival (regardless of sex) were assessed using logistic regression. To determine whether individuals had consistent behaviors across different instars, we used a Spearman correlation, which ranks each individual for an outcome (in this case, active foraging), and compares the ranks in the third and fourth instar, an approach to examining repeatability in behavior across life history stages (Niemela et al. 2012) . A nonsignificant correlation suggests no relationship within individuals in the third and fourth instar. To compare whether instars had different foraging activities, we used a linear mixed model to control for intra-individual foraging activity, and assessed the impact of temperature, nutrients, and larval instar in a full-factorial model with individual consider the replicated subject. This analysis is identical to a traditional repeated measures ANOVA, but does utilize the analytical structure of a mixed-model ANOVA, which could allow nonnormal error variance structures to be compared. In this case, the instar is the within subjects factor, while temperature and nutrients are between subjects factors. We used Tukey's HSD to examine post hoc contrasts. We decided on a simpler analysis to assess whether the ultimate fate of a larva (emerged as an adult or failed to pupate by 28 d) was reflected in the foraging behavior, only in this case we analyzed only fourth instar larvae (being the stage most important in determining adult size and possibly survival) in a logistic regression. The model allowed the factors (nutrients and temperature) to predict whether a larvae achieved pupation within 28 d, with foraging activity as a continuous covariate. A significant foraging covariate means that the amount of foraging predicted pupation within 28 d. Because the low temperature, low-nutrient treatment produced no adult females by 28 d, we analyzed male versus female foraging activity separately for the remaining treatment combinations by t-test. Analyses were run in R (R base package, R development team, Geneva, Switzerland) or JMP 13.0 (SAS Corp., Cary, NC).
Results
Growth
Survival to pupation within 28 d for both sexes was higher at high nutrients and at warm temperatures (Table 1) . No females survived at the low-nutrient, cool-temperature treatment. Females were heavier and had longer wings than males (t-test with unequal variances: weight: t 45.31 = −2.352, P = 0.0115; wing length: t 36.77 = −5.916, P < 0.0001). For male mosquitoes, nutrients affected both weight and wing length, with males from high-nutrient conditions larger than others (ANOVA, weight: F 3,32 = 40.565, P < 0.0001; wing length: F 3,32 = 16.4578, P < 0.0001; Table 2 ). Temperature did not significantly affect male size. Female size differed between the treatment combinations that produced adults (wing length: one-way ANOVA: F 2,18 = 13.83, P < 0.0001; weight: one-way ANOVA, F 2,18 = 8.36, P < 0.001). Post hoc tests show that the significant ANOVA was driven by the difference between the warm temperature, low-nutrient condition and the high-nutrient conditions at both temperatures, with no differences between the two high-nutrient temperatures (Tukey's HSD adjusted P-value = 0.05).
Assessing Personality
Time spent actively foraging in the third instar was correlated with time spent actively foraging in the fourth instar only when nutrients were low and the temperature was cool (Fig. 1 , Spearman ρ df = 22 = 0.7148, P < 0.0001). For all other conditions, there was no significant relationship. Thus, the majority of our results did not support the hypothesis that Ae. aegypti individuals have distinct, consistent personalities (Fig. 1) .
Differences in Behavior by Instar, Fate, and Sex
Using a mixed-model approach to account for correlations between instars for each individual larva, the factors of instar, temperature, and nutrients had a complex interactive effect on larval foraging behavior (Fig. 2, Table 3 ). Foraging behavior was different at different instars as a function of temperature and nutrients. In general, fourth instar larvae spend more time actively foraging than third instars, but controlling for individual variation at the cool temperature, high-nutrient condition, third instars were more active than fourth instars. However, post hoc contrasts correcting for multiple tests yielded a significant difference between instar activity at the warm temperature and high-nutrient condition only, suggesting the largest increase in foraging activity only occurs in the most benign conditions (Tukey's HSD Q = 3.103, P < 0.05). We did find support that mosquito larvae forage more actively when nutrients are limited.
Whether the larvae emerged as an adult or not was reflected by the foraging behavior, with larvae that ultimately failed to emerge as adults spending significantly more time foraging that those that did emerge as adults (Table 4 ). However, the low numbers of surviving mosquitoes at the low temperature; low-nutrient condition (only six males) may have limited our ability to see differences. We did not see any differences in behavior between males and females in any of our treatment combinations for either third or fourth instars (data not shown). 
Discussion
The nutrient and temperature conditions were important factors in growth outcomes and foraging behavior. In general, cold and low nutrient conditions were stressful, resulting in lower probability of survival to adult, and low nutrients resulted in smaller mosquitoes. Correspondingly, we saw more foraging activity at low nutrients at the cooler temperature. This fits into a general understanding of animal foraging behavior, which indicates that nutrient deprived animals are forced to forage more actively to survive and reproduce (Anholt et al. 2000) . Indeed, we found that mosquitoes that failed to pupate within 28 d, likely in large part due to lack of nutrients, were more active foragers within any given set of factors.
Increased foraging under nutrient deprivation has been observed in other studies of mosquito foraging behavior with regards to both temperature and nutrients (Wormington and Juliano 2014, Reiskind and Janairo 2015) . We did not find support for consistent personalities in the mosquito larvae. We recognize that our observations of each individual were limited in terms of assessing activity across a circadian cycles, as well as a small window of time, which may have hurt our ability to determine consistent differences in behavior. Furthermore, a larger sample size would increase our power to detect behavioral syndromes across instars. It is possible that personality differences, if they exist, were too subtle for us to detect without experiment. We only found correlations between behavior when the conditions were the most stressful, at low temperatures and nutrients. Under these stressful conditions, the physiological state of hunger may have begun in the third instar and was reflected in both third and fourth instar behavior. For the other, less stressful conditions, recognition of an individual's physiological state and the adverse environment may only occur in the fourth instar. As the fourth instar is the stage of the largest gain in biomass, this result is not surprising (Padmanabha et al. 2011a ). The lack of consistent patterns of activity under less stressful conditions does not support the hypothesis that there are intra-individual personality traits or behavioral syndromes. Individual, consistent variation in foraging by insects is well known in other Diptera (Sokolowski et al. 1997 , Fitzpatrick et al. 2005 , and in other arthropods (Sih et al. 2004 , Sih et al. 2014 , and has been used to suggest the existence of individually consistent personalities, or behavioral syndromes, in insects. It is possible there is not individual variation in Ae. aegypti, or at least our population of Ae. aegypti. Behavioral syndromes seem, at least in part, Plots of activity rank of each individual in the third and fourth instar, by temperature and nutrient combination. Each symbol represents an individuals' rank in the third instar (y-axis) and the fourth instart (x-axis). Different shapes denote different sexes or that the sex was not determined. The only significant correlation between third and fourth instar foraging behavior was at the low nutrients, cool-temperature treatment (Spearman ρ df=22 = 0.7148, P < 0.0001).
reinforced by a tradeoff between foraging aggression and risk of predation, a behavioral plasticity not noted in Ae. aegypti (Grill and Juliano 1996, Kesavaraju and Juliano 2004) . It is also possible that any behavioral syndromes in these mosquitoes were obscured by our particular set of conditions, and may only become apparent in the presence of a predator. The observation that there is no difference in foraging by sex is contrary to results from the eastern treehole mosquito, Ae. triseriatus (Wormington and Juliano 2014) . Females need more nutrients to pupate, and this suggests they should be more active foragers Wilson 2008, Wormington and Juliano 2014) . However, while the overall need for nutrients to achieve pupation is greater in females, males develop faster and presumably do so to gain mating advantages by being past their teneral state and able to mate when females emerge. This may encourage active male foraging to accelerate development (Kleckner et al. 1995 , Bradshaw et al. 1997 , Holzapfel and Bradshaw 2002 . Alternatively, male size may also be an important element of male fitness, although there is less support for this in the literature (Helinski and Harrington 2011, De Jesus and Reiskind 2016) . One explanation may include the role of predators in the evolution of these two species. Previous studies have suggested that Ae. triseriatus has evolved antipredator behavioral responses (cessation of feeding activity), while Ae. aegypti has not (Kesavaraju and Juliano 2004 , Kesavaraju et al. 2007 , Kesavaraju and Juliano 2008 . This results in an interspecific competitive advantage for Ae. aegypti in the absence of predators, but a disadvantage when predators are present. For Ae. triseriatus, the antipredator behavior is sex-specific, with males being more responsive than females (Wormington and Juliano 2014) . The lack of antipredator responses seem canalized, and are likely fixed traits, as several generations of selection could not change them in the congener Ae. albopictus (Kesavaraju and Juliano 2008) . Consequently, for Ae. aegypti, the lack of difference between male and female larval foraging may reflect their relatively active and inflexible foraging behavior.
The response of larval foraging behavior to temperature was complicated, although there was a general pattern of more active foraging and poorer survival at low temperatures. This is similar to both the results we generated for fourth instar Ae. aegypti in cohorts and to those noted for Anopheles gambiae (Phelan and Roitberg 2013, Reiskind and Janairo 2015) . This result has also been anticipated by metabolic models of Ae. aegypti, in which the costs of maintaining a large body at low temperatures is high and forces individuals to forage more intensely to survive (Padmanabha et al. 2011a , Padmanabha et al. 2012 . While it has been known that cooler temperatures are suboptimal for insects, our study provides an insight into the mechanisms by which these temperatures may hurt fitness, in spite of the generally larger body size obtained at cool temperatures (Kingsolver and Huey 2008, Reiskind and Zarrabi 2012a) . Ectotherms need to forage more intensely at low temperatures even though their metabolism may be slower (Padmanabha et al. 2011b, Reiskind and Zarrabi 2012a) . Greater foraging at low temperature may come about for three reasons. First, because of lower efficiency of anabolism at low temperatures, such that digestion of nutrients is at a slower pace than the growth of new tissue. Second, there is a minimum amount of nutrients needed within a certain critical developmental period of time, the 'pupation window' (Carpenter 1984) . Finally, assuming adulthood can be achieved, there is a need for resources from the larval environment to carry over. This, in turn, may be demonstrated in either differences in adult longevity or fitness, although studies have not seen significant temperature rearing effects on adult longevity (Alto and Bettinardi 2013) . Nevertheless, the costs of lower larval temperatures across a range of nutrients on Ae. aegypti have yet to be fully examined. 
